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I. INTRODUCTION
The modeling of the fission process is a very important step in the evaluation of data, because many of the nuclei of interest, in terms of application and fundamental physics, are barely accessible in experiments so far. These models, based on present measurements, must prove their reliability by comparing their predictions with new observations. In this sense, new experimental approaches that provide new observables and access to more exotic systems are desirable, in particular at low excitation energy where both the macroscopic and the microscopic aspects of the nuclear matter compete and can be observed: the deformation of the fissioning system along the path towards the scission point corresponds to a large-scale amplitude collective motion involving all nucleons of the fissioning nucleus, while the produced fragment distributions are strongly affected by shell effects close to the scission point.
Fission-fragment distributions are crucial observables for the modeling of the fission process. Nevertheless, the access to such observables was, until recently, limited to mass distributions, where the contribution of both proton and neutron numbers are mixed. Later on, the use of inverse kinematics demonstrated that systematic measurements of the nuclear charge distributions were also possible [1] .
These two separated observables, mass and nuclear charge, can be used to study the role of neutrons and protons in the fission process, if measured together as isotopic fragment yields. Complete isotopic fragment distributions and their correlations with other observables are a novel and stringent test for modern fission models. So far, data on isotopic fission-fragment yields are scarce and mainly limited to light fragments due to the low kinetic energy of the fission fragments in experiments performed in direct kinematics, such as thermal neutroninduced fission [2] [3] [4] . There exist some isotopic measurements of heavy fragments by means of prompt and β-delayed γ spectroscopy, as well as radiochemical techniques, but they are limited in accuracy and in range [5] [6] [7] [8] .
A new experimental approach, which exploits the inverse kinematics technique to access the nuclear charge information and the use of a magnetic spectrometer for high-resolution measurements of the fragment mass, is currently being used in a fission campaign initiated in GANIL in 2008 using the VAMOS spectrometer [9] . In this approach, in-flight fission of heavy actinides, induced by inelastic scattering, transfer, and fusion reactions, is used. The detection of the target-like recoil permits the reconstruction of the binary reactions in order to determine the mass, charge, and excitation energy of the fissioning system [10] . The excitation energy is assumed to be stored in the heavy fissioning system because of its higher level density compared with the light-partner recoil in the range of few tens of MeV. This assumption is validated by measuring the γ decay of the light-partner recoil [10] . The low-energy regime allows investigation of more fundamental characteristics of the fission process, such as the scission point configuration in terms of deformation and the neutron content of the nascent fragments [11] .
Inverse kinematics with relativistic beams was also used recently in the SOFIA experiment at GSI, where fission was induced in flight via Coulomb excitation and spallation reactions. In this case, the high velocity of the fissioning system allows the simultaneous isotopic identification of both fragments but with very poor control on the fission excitation energy [12, 13] .
This work presents the results of the second experiment of the fission campaign at GANIL with an improved experimental setup. It provides a new set of measurements for several fissioning systems-238 U, 239 Np, 240 Pu, 244 Cm, and 250 Cf-at various, low to moderate, excitation energies. Some of these systems are difficult to study with other techniques at these excitation energies. In addition, they provide nuclear data of importance for applications, such as the development of next-generation nuclear reactors or the recycling of radioactive waste [14] . These data are also of interest for the study of exotic nuclear isotopes: since fission is a very efficient mechanism for the production of neutron-rich radioactive systems either for direct studies [15, 16] or for further in-beam reactions [17, 18] .
The experimental method and the results obtained in this work are presented in the following. The new and improved experimental setup is discussed in Sec. II. The identification of the fissioning system, together with the reconstruction of its initial excitation energy, is described in Sec III A, followed by the identification of the fission fragments, presented in Sec. III B. The determination of the fission yields, taking into account the spectrometer acceptance and efficiency corrections, is explained in Sec. III C. In Sec. IV A, the isotopic fission yields of the systems investigated in this work are reported and compared with previous measurements. Elemental and mass yields are addressed in Secs. IV B and IV C, respectively. Finally, the conclusions of this work are summarized in Sec. V.
II. EXPERIMENTAL SETUP
In this experiment, a stable 238 U +31 beam was produced and accelerated at GANIL up to 6.14 MeV/u with a final beam intensity of 10 9 pps. It impinged on a 12 C target with a thickness of 100 μg/cm 2 . The average energy of the 238 U projectiles when the reaction takes place in the center of the target was 6.11 MeV/u, 8.2% above the s-wave Coulomb barrier between 238 U and 12 C. In such a configuration, fusion and transfer reactions, as well as elastic and inelastic scattering, take place while other channels, such as breakup reactions, are strongly suppressed. Once the reaction occurs, the beam-like FIG. 1. Experimental setup scheme. The thick black line on the right side represents the beam impinging on the target. A transfer reaction is shown followed by a fission decay; the three thin lines represent the target-like recoil and the two fission fragments. The recoil is stopped in the SPIDER detector while one of the fission fragments triggers the start detector and passes the VAMOS spectrometer before being measured with the focal-plane detection setup. The EXOGAM detector, for γ -rays measurements, is also shown surrounding the target (for clarity, only three EXOGAM clovers are indicated).
product may decay in flight by fission whenever the excitation energy allows it.
According to the inverse kinematics, both fission fragments were emitted to forward angles in the laboratory reference frame within a cone of 28
• around the beam axis, with energies ranging from a few hundred of MeV up to one GeV, whereas the target-like recoil from transfer or inelastic reactions was more likely emitted at higher angles with energies from tens of MeV up to a few hundred MeV. The experimental setup is described in Fig. 1 . Two separate stages are distinguished: the first one, which comprises an annular silicon telescope (SPIDER), was dedicated to the identification of the fissioning system; the second one, which comprises the variable mode spectrometer VAMOS, was dedicated to the measurement of the characteristics of the fission fragments. The SPIDER telescope is composed of two double-sided annular Si detectors, 70 and 1042 μm thick, respectively, which cover polar angles between 30
• and 47
• . The target-like recoil is detected in the SPIDER telescope where its isotopic identification is achieved by measuring both E and E. The central hole of the detector ensured the noninterception of beam-like nuclei and fission fragments. Each detector is segmented into 16 rings of 1.5 mm pitch and 16 sectors, each covering a range of 22.5 • in the azimuthal angle. This segmentation provides a measurement of both polar and azimuthal angles, permitting the reconstruction of the binary reaction and thus an event-by-event measurement of the excitation energy with an uncertainty of ∼1 MeV [10] . A fusion reaction, ten times more frequent than any transfer channel [19] , is assumed for every fission event that is registered without any target-like recoil detected in the telescope.
When the compound nucleus, produced either by transfer or fusion, decays by fission, one of the fragments may trigger the start detector, a multiwire parallel plate avalanche counter, placed at the entrance of the VAMOS spectrometer, that provides a time reference for the time-of-flight measurement. When the acceptance allows it, the fragment is deflected in the VAMOS spectrometer and fully identified in terms of mass (A), atomic number (Z), and ionic charge state (q) at the focal plane setup, placed about 7600 mm from the target, following the central trajectory of the spectrometer. The focal plane setup comprises an ensemble of detectors with an active area of 1000 × 150 mm 2 that includes the following: a multiwire parallel plate avalanche counter, filled with isobutane gas (iC 4 H 10 ) at 7 mbar, that provided the fragment time-of-flight; two drift chambers, filled with the same gas and pressure and separated by 119.5 mm, that detected the transversal positions in each chamber and both polar and azimuthal angles (θ, φ); a segmented ionization chamber, filled with isobutane gas at 40 mbar, that measured the energy loss of the fragment; and an array of 20 × 2 silicon detectors that measured the remaining energy of the fragments stopped in this array (see Refs. [20, 21] for further details).
Finally, six clovers of the EXOGAM detector [22] were placed surrounding the target for detection of prompt γ rays. This measurement provides a verification of the fragment identification done with VAMOS [23] , as well as the study of the excited states populated in the target-like nuclei [10] .
III. ANALYSIS
The analysis of the data obtained in this experiment is split in three different stages: in Sec. III A, the isotopic identification of the fissioning system and the determination of its kinematics and excitation energy by characterizing the binary reaction reconstructed in SPIDER are described; in Sec. III B, the isotopic identification of the fission fragment detected in the focal-plane setup of the VAMOS spectrometer is presented; and finally, in Sec. III C, the detection efficiency and acceptance corrections required to obtain the isotopic fission-fragment yields of each fissioning system are discussed.
A. Fissioning-system identification
The beam-like scattered nuclei produced by transfer reactions are identified by detecting the target-like recoil in the SPIDER detector. This detector provides their isotopic identification by measuring the energy loss in the first stage and the remaining energy in the last stage of the detector. The segmentation of the detector provides also a measurement of the recoil angles. Figure 2 presents the isotopic identification of the recoil nuclei produced in coincidence with the detection of one fission fragment in the VAMOS setup. The energy loss, corrected for the polar angle in order to account for the effective thickness crossed by the recoil, is displayed as a function of the total kinetic energy. Each isotopic line corresponds to one transfer channel that straightforwardly determines the mass and the charge of the heavy fissioning nucleus. The most abundant and accessible reaction channels are displayed in Table I . The measurement of the kinetic energy and the polar angle of each recoil, together with its identification, allows the reconstruction of the binary reaction, event by event, and the determination of the excitation energy (E x ), the velocity (V fiss ), and the polar angle (θ fiss ) of the fissioning system, based on energy-momentum conservation [10] . Figure 3 displays the kinematics of the transfer-fission channels in terms of the velocity and the polar angle of the fissioning system with respect to the beam axis. The figure also displays the kinematics of the elastic channel, which is measured in random coincidences between an elastically scattered 12 C detected in SPIDER and a fragment from fusionfission detected in VAMOS. Table I shows the average value and the standard deviation of E x for the different fissioning systems investigated in this work. They are obtained from the full excitation energy distributions measured in this experiment, described in Ref. [10] . The excitation of the target-like recoils was also investigated by means of γ -decay spectroscopy [10] , where the probability for a fission event from an excited heavy scattered nucleus and a cold light recoil was observed to be P > 0.86 in the case of 238 U, 239 Np, and 240 Pu; in the case of 244 Cm, the neutron separation energy of the partner, S n ( 6 He) = 1.7 MeV, is lower than the first excited state, which prevents the detection of excited recoils. This observation indicates that the E x released in the primary reaction is mainly stored in the fissioning system, as we shall assume in this work, which validates these surrogate reactions in terms of energy, compared with neutron-induced fission.
B. Fission-fragment identification
As discussed in Sec. III C 1, the VAMOS spectrometer is able to accept one fragment per fission, which is deflected according to its magnetic rigidity (Bρ) and its initial polar and azimuthal angles (θ,φ), before is detected at the focal plane. The ion optics of the spectrometer defines a relation between its initial properties (Bρ,θ,φ) and the final transversal positions and angles of the fragment at the focal plane. A reconstruction method is applied, based on the positions and angles at the focal plane, in order to obtain the initial observables (Bρ,θ,φ), as well as the path length of the fragment [24] .
Bρ relates the mass (A) over the ionic charge state (q) to the velocity (βγ ) of the fragment,
where βγ is calculated from the time of flight and the path length of the fragment. Independently, the mass of the fragment is determined from the measurement of the total kinetic energy,
where u is the atomic mass unit and E = E + E res is the total kinetic energy, with E the energy loss in the ionization chamber, corrected for the energy loss released in the different windows and passive layers of matter, and E res the remaining energy released in the silicon array. The combination of both observables, A and A/q, allows the extraction the charge state value and provides a measurement of the mass with higher resolution than the one obtained directly from the energy and velocity. Figure 4 (a) shows the mass and charge state identification of fragments from fusion-fission reactions. Each diagonal line corresponds to a specific charge state q, while the different spots refer to different masses for a given q.
The charge state distribution, calculated as
presents a resolution of FWHM q /q = 1.4% for the central values.
The reconstructed mass (A rec ) is obtained with the integer value of each charge state,
where q int = q + 0.5 is the closest integer value to q. is determined by the time-of-flight resolution that evolves from FWHM A /A = 0.8% or the faster lighter fragment to FWHM A /A = 0.5% for the slower heavier fragments.
The identification of the atomic number (Z) of fission fragments is based on the relation between the energy loss of the fragment in the ionization chamber ( E) and the total kinetic energy (E). Figure 5 (a) represents E as a function of E for fission fragments from fusion-fission reactions. Each element defines a curve that ranges from the Bragg peak, at lower energies, up to hundreds of MeV. The heavier elements, at higher E, are seen to be less separated from each other due to the lower intrinsic resolution for such slow nuclides.
The Z distribution is obtained from a parametrization of the full range of the E-E distribution [25] . Figure 5 (b) presents the Z distribution of fragments from fusion-fission reactions, where the final Z resolution results in a rather constant value, FWHM Z /Z = 1.8%.
The (Z,A) identification of the fission fragments is confirmed by measuring the energy of γ rays emitted in the decay of known excited estates of even-even nuclei [23, 25] . 
C. Reconstruction of fission-fragment yields
The isotopic fission-fragment identification presented above permits to determine the isotopic fission-fragment yields, Y (Z,A), defined as the normalized production of one particular (Z,A) fragment per fission. They are calculated from the number of events of each isotope measured during the experiment, corrected by the geometric (ε ff g ) and intrinsic (ε ff i ) efficiencies for fission fragment detection. ε ff g is determined by the angular and the magnetic rigidity acceptance of VAMOS while ε ff i is determined by the response of the detectors.
VAMOS acceptance
In this experimental configuration, the magnetic rigidity of fission fragments is a broad distribution due to the combination of wide distributions of momentum and ionic charge, as described in Ref. [9] . In addition, the angular distribution of fragments in the laboratory frame covers a polar angle range from 0
• to 28
• . Therefore, the detection is limited to one single fragment, and the large acceptance of VAMOS-±30 % in momentum and ±5.7
• in polar angle [21] -is not sufficient to cover the full fragment distribution. Instead, different settings in magnetic field and central angle were used during the experiment in order to enlarge the variety and range of the measured fragments. Figure 6 presents the acceptance of VAMOS in terms of magnetic rigidity and polar angle for the four settings used in this experiment superimposed on a Monte Carlo simulation of the expected fission-fragment distribution. Two settings with central magnetic rigidities Bρ 0 = 1.1 and 1.2 Tm were used with VAMOS rotated at 20
• with respect to the beam axis. These settings have a large acceptance for light fragments. Two other settings with Bρ 0 = 1.2 and 1.3 Tm were used with VAMOS rotated at 14
• to increase the acceptance for heavy fragments.
Normalization with respect to the beam current is computed between the different settings with the measurement of the elastic scattering in SPIDER for each VAMOS setting. The geometric and intrinsic efficiency of SPIDER, as well as the thickness of the target, are considered constant during the experiment.
Concerning the azimuthal angle, the focusing of the trajectories of the fission fragments when they pass through the spectrometer defines a magnification factor between the incoming azimuthal angle (φ lab ) and the outgoing angle in the vertical axis. This focusing varies with the polar angle (θ lab ) and the relative magnetic rigidity (δ = Bρ/Bρ 0 ). Therefore, the limitation defined by the size of the detectors in the vertical axis at the focal plane is transformed into a limitation in φ lab at the entrance of VAMOS that evolves with θ lab and δ.
The physical φ lab distribution of a given θ lab and δ is a flat distribution that extends from −180
• to 180
• ; however, the VAMOS acceptance reduces this range. In order to evaluate the accepted range, the measured φ lab distributions were fitted with a double error function, with the range of φ lab accepted by VAMOS defined as the full width at half maximum of the function. Figure 7 shows the distribution of φ lab for fission fragments with δ ∈ (0.995,1.005) and θ lab ∈ (19.75
• ,20.25
, and the function fitted with the distribution that defines the limits of the φ lab acceptance.
The φ acceptance (f φ ) is defined as the ratio between the range of φ lab accepted in VAMOS and the total physical φ lab range covered by fission fragments:
A two-dimensional φ lab acceptance grid is obtained with a step width of 0.25
• in θ lab and 0.005 in δ, where both angular settings of VAMOS are treated independently. The φ lab acceptance correction is applied, event by event, by means of a local multivariable interpolation method.
Concerning the (Bρ,θ lab ) phase space, the low beam energy prevents the emission of fully stripped fission fragments. Instead, each individual (Z,A) yield is spread over a distribution of charge states that evolves with the velocity of the fragments in the laboratory reference frame [26] . The production of each q is limited to a determined range of (Bρ,θ lab ) phase space that may be cut by the VAMOS acceptance [9] .
This two-dimensional phase space can be translated into one single observable: the polar angle in the reference frame of the fissioning system (θ ff ) are calculated with an uncertainty lower than 2% from the limits of the acceptance, Bρ| limit and θ lab | limit , determined by the combination of the four settings of VAMOS presented in Fig. 6 .
In the case of fusion-induced fission, both θ fiss and β fiss are constant. Therefore, the limits of cos(θ (6) where no angular anisotropy was observed.
In the case of transfer-induced fission, the velocity and angle of the fissioning system define a cos(θ c.m. ff )| limit set that changes event by event. The maximum variation of cos(θ c.m. ff )| limit , considering the maximum and minimum velocity and angle of the fissioning system, is observed to be lower than 0.1 with respect to fusion-induced fission. Therefore, in transferinduced fission, the range of cos(θ c.m. ff ) is assumed to be the same as in fusion-fission but conservatively reduced by 0.2.
Finally, the total geometric efficiency for the detection of fission fragments is defined as
Intrinsic efficiency
The intrinsic detection efficiency of fission fragments is split into three contributions corresponding to each of the involved detectors.
The intrinsic efficiency of the drift chamber depends on the energy that fission fragments deposit inside, which is lower for light fragments. This efficiency is calculated with respect to the ionization chamber and it is parametrized as a function of the energy loss in its first pad.
The intrinsic efficiency of the array of silicon detectors is affected by the malfunctioning of two detectors in the lower row during the experiment. The impact of these nonworking detectors was reflected in a lack of events in some regions of the (Bρ,θ lab ) phase space. This efficiency is corrected with respect to the phase space reconstructed from the drift chamber measurement.
Finally, the low ionization of light fragments also affects their detection in the multiwire detectors. In this case, an absolute efficiency correction is not possible since these detectors define the acquisition trigger. Instead, a relative correction is obtained by taking into account that only light fragments are affected by this reduced efficiency. Since proton evaporation before and after fission is inhibited due to the limited excitation energy, the cos(θ c.m. ff ) distribution of each light fragment (Z 1 ) can be normalized to the distribution of the corresponding heavy fragment (Z 2 = Z fiss − Z 1 ). In this case, we consider Z fiss = 98 due to the higher probability of fusion-fission reactions. The normalization was not constant in Z but a function of (Z/v) 2 , v being the velocity of the fragment in the laboratory reference frame, which accounts for the relation between the fragment Z and its energy loss in the multiwire chamber [25] . 
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The number of fission events as a function of cos(θ c.m. Once the total number of fission fragments is calculated, the isotopic fission-fragment yields are computed as
IV. RESULTS
In this section, the fission yields obtained from 238 U + 12 C reactions in inverse kinematics are presented.
238 U, 239 Np, 240 Pu, and 244 Cm, populated in inelastic scattering and multinucleon transfer channels, and 250 Cf, from fusion reactions, are investigated.
The fusion channel dominates the total reaction crosssection, while multinucleon transfer reactions contribute approximately 10%. Under these conditions, the production rate of fission from transfer reactions with respect to fusion reactions reveals that the full efficiency of SPIDER is around 20%, leading to a contamination in the fusion channel of 8% from transfer reactions.
The inelastic scattering channel is also contaminated by the fortuitous coincidences between the detection of a recoil from an elastic scattering reaction in SPIDER and the detection of a fragment in VAMOS from a fusion-fission reaction. As demonstrated in Fig. 10 , this contamination can be discriminated in terms of fragment mass in the region of Z ≈ 50 due to the different mass population in fusion with respect to the other channels. This separation is used to evaluate these fortuitous coincidences that results in (21.1 ± 3.0)% of the total number of 238 U fission events. An isotopic subtraction is performed in the full range of fragments of 238 U, taking into account that the contamination is proportional to the production of 250 Cf. Concerning the other fissioning systems, a small contamination comes mainly from the fortuitous coincidences between a transfer channel with E x lower than the fission threshold and a fission event from fusion-fission. This contamination is expected to be lower at higher E x since the overlap in E x between real events and fortuitous coincidences is smaller. 239 Np and 240 Pu present scarce random coincidences, (4.0 ± 2.1)% and (2.5 ± 1.8)% respectively, while 244 Cm does not exhibit a significant contamination.
The uncertainties of the final fission yields are determined as the quadratic sum of statistic and systematic sources. Systematic uncertainties range from 2% in the heavier fragments up to ff ) range, and the calculation of the intrinsic efficiency.
A. Isotopic fission-fragment yields
The full distributions of post-neutron evaporation fission yields of the five fissioning systems investigated in this work are shown in Figs. 11-15 and compared with previous measurements, whenever available. Each element is presented separately in one single plot as a function of the neutron number.
Concerning 238 U (Fig. 11) , the present data are compared with Coulomb-induced fission from Ref. [13] . A good agreement is achieved in the region of light fragments, Z < 43, while around symmetry, Z ∈ [43, 49] , present yields are systematically lower than in Ref. [13] . This difference can be explained by the difference in E x [31] between the two sets of data: E x = 7.4 MeV in the present case, compared to an estimated E x = 14.7 MeV for the Coulomb-induced fission measurement. In addition, a shift in N is observed in the complementary heavy region between the two sets of data. This effect reflects the different neutron evaporation expected in this region due to the difference of ∼7 MeV in E x : in a regime of constant temperature [32] , the excess of E x goes principally to the heavy fragment, which therefore evaporates more neutrons while the yields in the light region are almost unaffected, as previously observed in neutron multiplicity [33, 34] .
Concerning
239 Np (Fig. 12) , the present experiment expands the available experimental data to the full distribution, whereas only light fragments were previously measured [35, 36] . The previous measurement of 237 Np(2n th ,f ) from Ref. [35] shows an excellent agreement with the present data, indicating that light fragments remain insensitive to the small E x difference between the two measurements, with E x = 7.5 MeV and E x = 6.2 MeV, respectively.
The isotopic distribution of 240 Pu (Fig. 13) is compared with data of 2p-transfer-induced fission from the previous experiment of the fission campaign at VAMOS [9] . A good agreement is achieved in the full distribution range with some discrepancies in Z > 56, where present data overcome previous experimental limitations in measuring the heaviest fragments where only one angular setting of the spectrometer was used. Data from 239 Pu(n th ,f ) from Ref. [29] (in green) and from Ref. [6] (in blue) are also included, showing a good general agreement as well.
The 244 Cm system is shown in Fig. 14. The population of the symmetric region in this system is more pronounced than in the above discussed systems, consistent with the higher excitation energy of E x = 23 MeV. Present data are compared with, to our knowledge, the only available isotopic data in literature, for 243 Cm(n th ,f ) [30] , which is limited to the very light fragments, Z < 39. The present measurement provides new data in a range of E x where the strength of the structure effects and the liquid drop behavior are expected to be similar [37] .
Finally, the isotopic yields of 250 Cf are presented in Fig. 15 . The present data are compared with the previous measurement performed at VAMOS [9] . A good agreement is achieved over two orders of magnitude below each maximum for the light fragments and, for the heavy fragments, the experimental limitation of the previous data (see above) is reflected in the shift of yields for Z > 60, when compared to the present data.
In general, the ensemble of isotopic fission yields obtained in this experiment is in good agreement with previous measurements. In addition, this experiment also represents an important step forward in the experimental access to fission yields: where isotopic yields were limited to light fragments or scarce for heavy fragments, the present work shows, for first time, the complete isotopic distribution of five different fissioning systems. In a single experiment, we can observe the evolution from a dominant asymmetric fission component at low E x , connected to structure effects [38] , to a more symmetric fission at higher E x , indicating a stronger contribution of the macroscopic component. In addition, the new isotopic data in different ranges of E x permit us to investigate the sharing of protons and neutrons in the fission process and the impact of E x , which will be the topic of an upcoming publication.
B. Elemental fission-fragment yields
The elemental fission-fragment yields are obtained as the sum of the isotopic yields, defined in Eq. (11), over the mass distribution. For each element, the contamination of neighboring Z was subtracted according to the Z resolution. In addition, the elemental yields were symmetrized taking into account the statistical weight of complementary fragments.
The resulting elemental yields are depicted in Fig. 16 [39] . Instead, an effective decrease of E x at the saddle point due to pre-saddle neutron evaporation may explain such behavior, as shown in Refs. [37, 40] .
Asymmetric fission at low E x reveals a strong stabilization of the heavier fragment with an average value of Z H = 54 ± 0.5, while the lighter one moves accordingly with the Z of the fissioning system. This stabilization suggests that the split at scission is mainly governed by the structure of the heavy fragment. However, the yields of 238 U, 239 Np, and 240 Pu present a common maximum at Z = 40, where the deformation at scission is very similar to the deformation of the ground state [11] , which suggests an additional effect in the light group.
Interestingly, 238 U, 239 Np, and 240 Pu possess the same number of neutrons, N fiss = 146. An example of the impact of the number of neutrons of the fissioning system on the elemental yields is presented in Fig. 17 . Elemental yields of 238 U, obtained in this work, are compared with the yields of different U isotopes [1] , and with the same 238 U isotope at higher E x [13] from Coulomb-induced fission, and with 239 U [41] from neutron-induced fission. It can be observed that the reduction of the neutron content in the fissioning system has a similar impact on the elemental yields as increasing the excitation energy: symmetric fission is enhanced and the standard I (SI) fission mode, defined by Brosa et al. [42] , centered at Z ≈ 52 [43] , is strongly suppressed. In Z = 50, a slight increasing trend with the neutron content of the system is observed, except in 239 U, where an abnormally lower yield was reported [41] , which cannot be explain with this increasing trend.
The transition of the maximum yield from Z = 54 to Z = 52 in the U isotopes, if the fissioning system mass increases, as observed in Fig. 17 , was recently predicted by means of the Brownian shape-motion model, with a random-walk approach on five-dimensional potential-energy surfaces [44] . In this model, the transition occurs at A = 238 independently of E x of the fissioning system. A similar behavior in the evolution of the maximum of the elemental yields has been predicted in heavier actinides, such as Cf and Fm by a recent scission-point model [45] that shows a smooth variation of the potential energy surface at scission as a function of the neutron content of the fissioning system.
The average value of the heavier group ( Z H ), calculated as the average position of the asymmetric fission, is presented in Fig. 18 as a function of the fissility parameter (Z 2 /A) of the fissioning system. Present data are compared with previous measurement from Coulomb-induced fission of several isotopes of uranium [1, 13] . The increasing trend with the fissility parameter is similar, and the present data are in good agreement with the previous measurement for 238 U. This dependence reveals that the fissility is a good ordering parameter in which the average position of the heavy group is rather independent of the element and E x . In the case of 250 Cf, the strong symmetric contribution prevents a precise measurement, and its subtraction may shift Z H to a higher value.
C. Fission-fragment mass yields
Fission-fragment mass yields are obtained as the sum of the isotopic yields defined in Eq. (11) over the full Z distribution of each nuclear mass. This observable comprises both proton and neutron content, making it difficult to distinguish the role of structure effects. Nevertheless, it is useful to compare the present data with previous measurements since most of the fragment yield data in literature consist of mass distributions.
This comparison is shown in Fig. 19 . In general, mass distributions present a nonsymmetric shape due to both the neutron evaporations before scission that shift the distribution to lower masses [37] and the neutron evaporation from the fragments after scission that is not constant along the fragment distribution [33, 34, 46] .
The present 238 U data are compared with data from Coulomb-induced fission from Ref. [13] and from Bremsstrahlunginduced fission from Ref. [47] . The higher E x of the Coulomb FIG. 19 . Fission-fragment mass yields. Present data are compared with previous data in different energy ranges [6, 9, 13, 29, 30, 35, 47, 48] . The corresponding E x are indicated in parentheses.
excitation increases the probability of neutron evaporation. This variation is stronger in the region of heavy fragments than for light fragments, where the variation is almost negligible [32] . Thus, the yields from Coulomb-induced fission in the heavy region are shifted to lighter masses with respect to the present data while the yields in the light region are almost unaffected. A better agreement is observed with the data from Bremsstrahlung-induced fission, with more similar E x , although large fluctuations are observed in these data around A ∈ [135,145], not present in the other sets. These fluctuations might result from the measurement technique, which relies on knowledge of the level scheme of the populated fragments.
Concerning 239 Np, an excellent agreement is observed between present data and data from 2n th -induced fission [35] , which has similar E x . Larger angular momentum is expected to be transferred to the system for transfer reactions compared with neutron capture; however, from this comparison, no major effect is observed in the fragment mass distribution.
In 240 Pu, the agreement between present data and thermal neutron-induced fission from [29] and [6] is also good, taking into account the difference in E x . The lower E x of neutron-induced fission produces a deeper valley at symmetry, with more pronounced slopes at A ≈ 105 and A ≈ 130. The structure observed at A ≈ 101, where the yield is lower than for the neighbors, is also reported in [29] . In the heavy region, neutron-induced fission, at lower E x , results in a higher maximum at A ≈ 106 and a narrower distribution, consistent with the observed features in the case of 238 U. The mass distribution of 244 Cm is compared with thermalneutron-induced fission from Ref. [30] , where only the light fragment was measured, and with 12 MeV proton-induced fission from Ref. [48] , where only the yields of fragments with well-known level schemes are identified. The evolution of the system as a function of E x is evident: the system presents a strong asymmetric and no symmetric component for the lowest excitation energies. As expected, symmetric fission increases with increasing E x . The large difference in E x permits to observe this effect not only in the heavy fragment but also in the light fragment. 250 Cf is compared with a previous measurement [9] performed with a similar setup. The distributions are virtually identical up to A > 150, where, as discussed in Sec. IV A, the difference originates from experimental limitations in the previous measurement.
The above comparisons with previous data exhibit the strength of the experimental method used in this work and provide a clear observation of the effect of E x on the fragment production: higher E x feeds symmetric fission and affects the yields in the heavier group while the light group is less sensitive to limited E x variations. Figure 20 presents the ratio between the peak and the valley of the mass yield distribution as a function of E x . This parameter represents the competition between symmetric and asymmetric fission, which is strongly dependent on E x . Present data of 238 U and 240 Pu are compared with previous measurements. For U, present data are compared with neutron-induced fission of 239 U [49] . As shown in Fig. 17 , symmetric fission increases for lighter isotopes; therefore, a lower peak-to-valley ratio would be expected for 238 U. The comparison reveals a good agreement despite the isotopic difference. Concerning Pu, the present measurement is in a rather good agreement with the trend described by the data from Ref. [50] (in blue). However, an additional measurement in the thermal neutron region [51] (in green) shifts the value slightly higher, which is Excitation Energy (MeV) in better agreement with present data. In general, the agreement with previous measurement proves the good assignment of E x in the present work.
Populating similar fissioning isotopes in a neutron-induced reaction implies neutron energies for which experimental information on isotopic yields is at present scarce, if not null. For example, the reactions 237 U(n,f ), 238 Np(n,f ), and 239 Pu(n,f ), would require fast neutrons with E n = 1.26, 1.28, and 4.19 MeV, respectively. Such data are of importance from an application point of view at present and future nuclear reactors. In particular, fission yields of 243 Pu(n,f ) have a direct application in the heating calculations of current reactors. As a consequence, the present data, populating the same systems in surrogate transfer-induced reactions, can be used to supplement the missing neutron data.
V. CONCLUSIONS
The present work provides new experimental data on the full isotopic, elemental, and mass distributions of fission fragments on 238 U, 239 Np, 240 Pu, 244 Cm, and 250 Cf, at various initial excitation energy. These new data have been obtained by means of a innovative experimental technique, benefiting (i) from the possibility provided by transfer reactions to study several systems in a single experiment, while measuring their excitation energy, and (ii) from the combined use of inverse kinematics and the powerful VAMOS spectrometer at GANIL for complete coverage of the fission production, and accurate determination of the corresponding isotopic yields, respectively.
Good agreement with previous measurements is observed whenever available. As compared to previous information, the entire fragment production is covered, and unprecedented resolution in mass and charge is achieved. The larger angular momentum populated in these reactions was observed to contribute to second order on the fragment distributions, making the present data comparable with fast neutron-induced fission. The peak-to-valley ratio validates the surrogate method and confirms that the excitation energy populated in the transfer reactions corresponds, indeed, to the excitation energy of the fissioning system.
Together with the population of several fissioning systems in a single experiment, the quality of the data demonstrates the strength of the experimental approach. The variety of the available observables, and the corresponding physics output, are the subject of a forthcoming publication.
